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Hydraulic bulge forming has been used as a method to determine the properties of 
sheet metal alloys in biaxial stretching at room tep rature. Gas-pressure bulge forming 
alleviates the issues of using hydraulic fluids when the tests are conducted at high 
temperatures (above 200°C). Testing a sheet metal alloy by gas-pressure blow-forming 
(GPBF) under controlled temperature and pressure conditi ns requires an accurate and 
reliable mechanism that delivers repeatable results. It was the purpose of this work to 
design and implement such an instrument. This instrument should deliver real-time data 
for material displacement during forming, which can then be used to better understand 
material plastic response and formability. Four different subsystems within this 
mechanism must interact, but also have enough independence for analysis and for 
 vii  
assembly purposes. The combined sub-systems produced a GPBF apparatus capable of 
forming a sheet aluminum alloy AA5182 with a thickness of 1.5 mm into a dome with a 
height nearly equal to its radius under a constant g s pressure as low as 40 psi at 450°C. 
This GPBF apparatus produced, for the first time, in-situ data for dome peak 
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Chapter 1:  Introduction 
1.1. BACKGROUND  
The use of hot-forming processes such as superplastic forming (SPF) and quick 
plastic forming (QPF) for aluminum alloy sheets has become a common practice in the 
automotive industry [1]. Each of these processes is controlled by different creep 
mechanisms, and they differ in the strain rates andtemperatures at which each is 
performed. Nevertheless, neither one of these processes can be efficiently applied in 
production without understanding forming limits according to the different deformation 
regimes involved in each process. When a sheet metal blank is stretched beyond its 
forming limit for a given strain, strain rate, or temperature, fracture will occur. As the 
blank stretches, it may thin up to a point where loca ized thinning produces a neck and 
fracture ultimately occurs [2]. At elevated temperatu e, cavitation and cavitation-induced 
fracture may also limit formability [3].   
Forming limit diagrams (FLD’s) have become a critical component for 
characterizing the behavior of sheet-metal during hot-forming processes. Traditionally, 
an FLD indicated the limiting strains that sheet meals can sustain over a range of major-
to-minor strain ratios at room temperature for stamped sheet metal [2]. Substantial work 
has been devoted to use FLD’s as a source for determining the forming limits of 
aluminum alloy AA5182 during hot forming. FLD’s can be constructed by using the 
strain ratios obtained from hot-forming of tensile t sts and gas-pressure bulging 
experiments [3]. When put together, the failure mechanisms related to each hot-forming 
process and the FLD’s related to each mechanism provide a means to construct and 
predict the forming limits of aluminum alloys at elevated temperatures. 
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 At room temperature, the hydraulic bulge test is one f the predominant tests 
used to determine the limiting strains that a sheet metal can sustain over a range of major-
to-minor strain ratios [2]. At higher temperatures, forming pressures are significantly 
reduced, while the availability of hydraulic fluids that can withstand the temperatures is 
reduced considerably. Gas-pressure bulge tests become a more suitable solution at high 
temperature. Gas-pressured bulge testing is not a good fit for low-temperature testing, 
due to the high pressures required for forming at low temperatures. Compressibility 
issues with the gas used also become difficult to solve. 
The development of testing mechanisms to achieve a reliable and repeatable test 
will provide valuable insight to the future of sheet metal forming by gas-pressure. 
Introducing the concept of capturing dome-height as a function of time further increases 
the available data to build the constitutive relationships required to characterize and 
predict aluminum behavior when hot forming complicated shapes, such as the ones 
required by the automotive industry in the manufacturing of auto body panels. 
1.2. MOTIVATION  
Generating the constitutive parameters to accurately model the process of gas-
pressure blow-forming requires data from tensile testing and gas-pressure bulge testing. 
Previously, acquiring data from gas-pressure bulge forming experiments required 
multiple specimens, each of which was tested to some set dome height prior to failure, 
and the dome height could only be measured after completion of each test. An instrument 
that captures the displacement, normal to the surface, of a dome formed on a metal sheet 
during biaxial bulge forming can further improve simulated models. Having a direct 
method of measuring the dome displacement in a continuous matter as opposed to 
calculated from parameters, such as circle grid analysis [2], or intermittent measurements 
can significantly improve test results. Furthermore, the ability to easily implement new 
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experiments in an instrument that allows the modification of critical specimen 
geometries, or other test parameters, is very valuable. 
1.3. L ITERATURE REVIEW  
Superplastic forming (SPF) and quick plastic forming (QPF) are both hot blow-
forming processes used in the industry to generate automotive body panels [1]. SPF and 
QPF occur at different temperatures and different strain rates, and both have similar but 
different deformation mechanisms that govern their b haviors. Forming limit diagrams 
(FLDs) are being used to determine the limits by which each of these processes can 
proceed before part failure occurs. 
1.3.1. Superplastic Forming (SPF) 
SPF is a metal forming process that benefits from the phenomenon of 
superplasticity to form sheet metal parts of high complexity. Superplasticity is the 
capability of certain polycrystalline materials to undergo very large plastic strains without 
necking [4]. Superplasticity requires elevated tempratures and a slow strain rate. 
Properties of metals at low-temperatures are not usually strain-rate sensitive. At 
elevated temperatures (>0.4Tm), materials exhibit an increased flow stress with increasing 
strain rate, i.e. a positive strain-rate sensitivity. True flow stress follows the empirical 
relationship [6]: 
mK )(εσ &⋅= ,      (1.1) 
Where: σ=true flow stress;ε&= true strain rate; m=strain rate sensitivity; and K=a material 
constant. Superplastic materials, at these elevated temperatures and slow strain rates, 
exhibit high values of m. While for most metals and alloys, m<0.2, superplastic alloys 
have values of m>0.4 [4]. 
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Two types of superplastic behavior are well defined according to the literature: 
Fine-structure superplasticity (FSS), and internal stress superplasticity (ISS). FSS is 
usually found in materials with a strain-rate sensitivity exponent m=0.5. These materials 
deform primarily by the grain boundary sliding (GBS) mechanism. ISS materials, on the 
other hand, typically have an m value of 1, exhibiting Newtonian-viscous flow. ISS 
materials do not have the fine-grained requirement but only exhibit superplasticity under 
thermal cycling. These materials deform primarily by slip a deformation mechanism [4]. 
Our biggest interest is in materials that present the FSS behavior. 
Among the most important pre-requisites for developing FSS materials are the 
fine grain size, the presence of a second phase, the relatively similar strength between 
phases, and the nature of the grain boundary structure. GBS requires grain boundaries 
between adjacent matrix grains to be high-angle. Equiaxed grains allow GBS to occur by 
better allowing grain rotations. Last, the mobility of the grain boundaries provides a 
reduction of stress concentrations, maintaining GBS as the deformation mechanism [4]. 
For aluminum alloy AA5083, SPF is conducted at 500°C and strain rates on the 
order of 10-3 to 10-4 s-1 [1]. 
1.3.2. Quick Plastic Forming (QPF) 
QPF, a proprietary version of hot blow-forming used by General Motors Corp., is 
a mass-production process used to generate automotive body panels. Different from SPF, 
QPF operates at lower temperatures and higher strain rates. QPF is also governed by 
different deformation mechanisms. QPF is governed by two deformation mechanisms: 
GBS, and solute-drag (SD) creep [3].  
QPF of aluminum alloy AA5083 is conducted at 450°C and strain rates on the 
order of 10-2 to 10-3 s-1 [1]. 
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1.3.3. Forming Limit Diagrams 
Forming limit diagrams, as its name implies, have been traditionally used to 
determine the major and minor strains that sheet metal can sustain during forming [2]. 
Major and minor strains are referred to the strains that the sheet metal sees in the two 
axes contained in the sheet metal plane. The third axis, normal to the plane (sheet 
thickness) is not plotted in the FLD.  
According to literature, it is customary to graphically represent the strain state of a 
deformed sheet by plotting the major strain, e1, on the vertical axis, and the minor strain, 
e2, on the horizontal axis. If one is to print or etch an array of small diameter, evenly 
spaced circles on the critical strain regions of the s eet to be deformed (referred to in the 
literature as circle grid analysis), it is possible to determine the strain state at a particular 
region on a blank [2].  
The shape and direction of the deformed circles determine the mode of stretching 
of the sheet, as shown in Figure 1.1. The strain path immediately to the left of the major 
strain axis, e1, corresponds to the strain ratio developed in the uniaxial tension test. The 
region in the center, where the minor strain e2 =0, corresponds to the strain developed in a 
plane strain bulge test. The region to the right of the major strain axis corresponds to the 
strain ratio developed in biaxial bulge testing. Finally, the diagonal of this region, where 
e1=e2 corresponds to the balanced biaxial stretching [2]. Figure 1.2 shows the mechanical 
tests performed to achieve the different strain state  required to generate the forming limit 











Figure 1.2: Mechanical tests performed to achieve the different strain states to generate 
the forming limit diagram: (a) uniaxial tensile test, (b) plane strain bulge test, (c) 
balanced biaxial bulge test, from [1]. 
 
Following the traditional method of calculating FLD’s for stamped metal at room 
temperature conditions, the lowest major strain is obtained when the minor strain, e2 = 0 
(Figure 1.3). This is the case of plane strain [2].  
 
(a) (b) (c) 
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Figure 1.3: Strain measurements and forming limit diagram for aluminum-killed steel, 
from [7]. 
 
According to the work of Kulas et al. [1] in their publication of “Forming Limit 
Diagrams for AA5083 under SPF and QPF Conditions”, it is seen that the FLD curve for 
aluminum alloy AA5083 under QPF conditions (strain rate = 10-2s-1 and T=450°C) shows 
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that the lowest major strain corresponds to the casof balanced biaxial conditions (Figure 
1.4). Moreover, the FLD curve for SPF conditions (strain rate = 10-3s-1 and T=500°C) 
shows a similar shape, with the lowest major strain also corresponding to the case of 
balanced biaxial conditions (Figure 1.5). 
 
 
  Figure 1.4: Forming limit diagram for AA5083 for QPF conditions of 450°C and 10-2s-1 
based on fracture criteria, from [1]. 
 
Figure 1.5: Forming limit diagram for AA5083 for SPF conditions of 500°C and 10-3s-1 
based on fracture criteria, from [1]. 
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These results play an important roll in determining the most critical strain ratio 
during bulge forming. Balanced biaxial bulge forming has the lowest major strain value 
for failure during QPF and SPF operations. For thisreason, the balanced-biaxial bulge 
test is the most important mean of evaluating material formability for SPF or QPF 
conditions. This is the experiment addressed by the instrument produced in this study. 



















Chapter 2:  Design Process 
2.1. PROBLEM STATEMENT  
The objective of this project was to design and fabric te an instrument to test the 
mechanical behavior of aluminum alloy sheets during hi h-temperature gas-pressure 
blow-forming (GPBF). Once completed, this instrument will evaluate the flow properties 
and the failure mechanisms of aluminum alloy sheets under balanced biaxial tension.  
From direct results of these tests, the following two parameters will be observed 
and described in detail: 
a. The flow properties of the aluminum alloy sheet while under the 
conditions of balanced biaxial stress; 
b. The failure mechanism(s) seen at the fracture-point of the specimen during 
bulge testing. This fracture point should be located within the region of 
balanced biaxial stress. 
2.2. DESIGN REQUIREMENTS  
All mechanical components of the instrument must meet the minimum criteria of 
the physical dimensions of provided components, like the furnace and the servo-hydraulic 
system for tension-compression testing. Certain components of this instrument also must 
sustain the temperature requirements at which tests are expected to be performed. 
Figures 2.1 and 2.2 show the overall dimensions and specifications for the furnace 

















Max. Temp. 1200°C 
 
MTS Servo Hydraulic Unit 
Specifications 
Model MTS 318.25 
Force Capacity (maximum) 250 kN (55 kip) 
Vertical test space, (A) 1625 mm (64 in) 
Working height (B) 889 mm (35 in) 
Column spacing (C) 635 mm (25 in) 
Column diameter (D) 76 mm (3 in) 
Base width (E) 1003 mm (39.5 in) 
Base depth (F) 762 mm 
Diagonal clearance (G) 3251mm (128 in) 
Overall height (H) 3023 mm (119 in) 
Stiffness 4.3 x 108 N/m  
(2.4 x106 lb/in) 
Weight 910 kg (2000lb) 
Load cell rating (max) 100 kN (22kip) 
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Mechanical components within the furnace must: 
- Reside inside the physical dimensions of furnace, nd  
- Maintain the minimal mechanical properties such as yield strength and modulus 
of elasticity at the temperatures required to achieve gas-pressure blow-forming 
(GPBF). 
The following are the minimum design requirements expected of the GPBF apparatus 
once completed and operational: 
- Capable to sustain the testing of specimens at temperatures ranging 400°C 
(752°F) up to 600°C (1112°F); 
- Capable of testing specimens of sheet thickness up to 1.53 mm (0.060 in); 
- Capable of forming over a sheet area at least 11 cm2 (1.70 in2); 
-Capable of sustaining forming pressures up to 1400 kPa (203 psi); 
-Gas-pressure fittings and pipelines must be rated to at least twice the minimum 
forming pressure requirements; 
-Within the hot zone, at least one layer of protection must be placed between the 
gas pressure lines and the user. Rupture of the end of the gas-pressure line within 
the hot zone must be contained by the structure. 
2.3. DELIVERABLES  
Completion of this work will be finalized with an instrument capable of 
reproducing the conditions required for SPF and QPF in a balanced biaxial bulge test. 
This instrument will be composed of four subsystems. These subsystems are:  (a) the 
loading columns, (b) the clamping mechanism, (c) the system to capture dome-peak 
displacement, and (d) the gas-pressure lines for gas-pressure forming. Although all four 
subsystems directly interact, maintaining some independence between their designs 
elements makes maintenance and redesign easier. 
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Proper usage of the complete instrument within the recommendations of chapters 
3 and 4 should allow the user to obtain repeatable results when using the same settings. 
These results should also be within the lowest margin of error of the instrumentation and 
within the statistical mean of the mechanical failure modes presented during the 
conditions of balanced biaxial bulge forming. 
2.4. DESIGN VARIANTS  
A common standard method to test the properties of sheet metal in biaxial 
stretching without involving surface friction is the hydraulic bulge test [2]. A round 
sheet-metal blank is clamped between circular or elliptical die-rings. A lock-bead along 
the periphery of the die-rings (Figure 2.3), forms a draw-bead in the specimen’s 
periphery as the specimen is clamped between the dies. The lock-bead consists of a ridge 
of small radius on one ring and a groove of similar but larger size on the other ring [2]. 
The groove on one of the die-rings must be designed for a range of sheet-metal 
thicknesses. The formed draw-bead around the periphery of the specimen prevents the 
specimen from slipping [2]. The final apparatus will form a sheet blank with an outer 
diameter of 3.55 in. into a cylindrical cavity with a diameter of 2.18 in. and an entry 
chamfer of 0.030 in.  
 
 
Figure 2.3: Schematic of hydraulic bulge test, from [2]. 
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As mentioned in chapter 1.1, the high-temperature low-pressure requirements make the 
use of gas as the pressurizing fluid a better fit over a hydraulic fluid.  
The first preliminary design had the intention of defining the shape of the die-
rings and the draw-bead on the die-rings. Particular attention was given to the interface of 
the die-rings to the overall assembly. The first priority was to solve the problem of 
interfacing for the die-rings to the entire structure. The design should allow an easy 
replacement of the dies without having to remove th entire setup out of the servo-
hydraulic unit. The addition of die-holders to the d sign solved this issue. Die-holders 
would have a six-bolt pattern to hold the die in place. Bolts in the six-bolt pattern are not 
expected to see any torsional or compressive loading, making the release and the wear on 
them of little concern (Figure 2.4). 
 
Figure 2.4: Preliminary design of circular die-rings for gas-pressure blow-forming. 
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2.5. RELEVANT CALCULATIONS  
The preliminary concept provided the starring point for the design of the entire 
mechanism. All other components would be designed around the die-rings concept. 
Overall, it was necessary to understand which subsystems where exposed to the loading 
and/or temperatures requirements and how these two combined, affecting the mechanical 
analysis made for each component. It was important to define the loads and the minimum 
requirements for these loads to occur safely. The two most critical loads expected to be 
developed during operation are: the forming of the draw-bead, requiring a compressive 
load (Figure 2.5(a)); maintaining the dies closed during the bulge-forming, requiring a 
compressive load (Figure 2.5 (b)).  
 
 
Figure 2.5: Two-step forming of sheet-metal blank: (a) forming of the draw-bead by the 





The approach taken was to calculate the values for the forming of the draw-bead 
and the clamping of the die-rings during gas-pressured bulge forming. These values 
would be used as the minimum requirements for the loading column to sustain. These 
values will also provide the most suitable pipe size and length that could fit mechanical 
constraints, such as furnace internal dimensions, height of the servo-hydraulic unit, and 
the minimum requirements from buckling analysis. 
The calculations required for the gas-pressure lines w re based on the minimum 
forming pressure requirements at the temperature requirements. Information from the 
Swagelok® was readily available, shortening the design process. See Appendix A. 
Finally, thermal expansion calculations were taken in consideration. To minimize 
the distortion due to thermal expansion, components within the heating largely affected in 
length by thermal expansion were made on the same material composition, i.e., 
Austenitic stainless steel 316. 
2.5.1. Forming of the Draw-bead 
As the round sheet-metal blank is clamped between circular die-rings, a draw-
bead, in the periphery of the blank, is formed (Figure 2.3). To model the forming of the 
draw-bead, one can use an approximate variation of a well-characterized problem in the 
literature, deep-drawing or cupping. One requirement for deep drawing is that the edges 
of the dies (in this case, the edges of the lock-bead, ridges and groove, Figure 2.3) must 
have well-rounded edges; otherwise the blank might be sheared [8]. The goal of this 
analysis is to provide a close estimate of the force required to generate the draw-bead; its 
intention is not to characterize it in detail, but instead to use these results for the design 
and construction of the loading column. 
To calculate the required load to generate the forming of the draw-bead, the 
system was approximated to the case of deep drawing. The process was broken down into 
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two deep-drawing passes. In the first pass, the shet-m tal blank is drawn downward, 
generating a cup as shown in Figure 2.6(b); in the second pass, the die-rings make an 
upward drawing (Figure 2.6(c)). The end result is the draw-bead (Figure 2.6(a)). 
 
Figure 2.6: Forming of the draw-bead by two deep-drawing passes: (a) sheet metal blank 
after two-step deep drawing; (b) first pass, blank is drawn downward; (c) second pass, 
blank is drawn upward. 
Using the method provided by Schey [8] to obtain the estimated force for deep-drawing 
(Figure 2.7): 
 






























UTShDP π                                         (2.1) 
Where: Pd=drawing force; UTS=Ultimate Tensile Strength; other dimensions, see Figure 
2.7. For the case of forming the draw-bead: 
PF = Pd-first pass + Pd-second pass                                                (2.2) 
Table 2.1 shows the forming force, PF, required to form the draw-bead as a 
function of temperature for aluminum alloy AA5182. UTS values for AA5182 at the 




Table 2.1: Forming force, PF, required to form the draw-bead for aluminum alloy 
AA5182 as a function of temperature. 
        
Deep drawing of 
First Pass 
Deep drawing of 
Second Pass 
PF =                    





















pass, lbf PF, lbf 
0.04 25 420 60.9 2.9 3.6 12015 2.54 3.6 13944 25959 
0.04 300 150 21.75 2.9 3.6 4291 2.54 3.6 4980 9271 
0.04 350 100 14.5 2.9 3.6 2861 2.54 3.6 3320 6181 
0.04 400 65 9.425 2.9 3.6 1859 2.54 3.6 2158 4017 
0.04 450 45 6.525 2.9 3.6 1287 2.54 3.6 1494 2781 
 
The heavy dependence of temperature makes the forming of the draw-bead most 
suitable at the temperature requirements for gas-pre su e blow-forming. 
Table 2.2 shows the forming force, PF, required to generate the draw-bead as a function 
of sheet thickness for aluminum alloy AA5182. The temperature value for these 




Table 2.2: Forming force, PF, required to form the draw-bead for aluminum alloy 
AA5182 as a function of sheet-metal thickness for a set temperature value. 
        
Deep drawing of 
First Pass 
Deep drawing of 
Second Pass 
PF =                          





















pass, lbf PF, lbf 
0.04 450 45 6.525 2.9 3.6 1287 2.54 3.6 1494 2781 
0.045 450 45 6.525 2.9 3.6 1448 2.54 3.6 1681 3129 
0.05 450 45 6.525 2.9 3.6 1609 2.54 3.6 1867 3477 
0.055 450 45 6.525 2.9 3.6 1770 2.54 3.6 2054 3824 
0.06 450 45 6.525 2.9 3.6 1931 2.54 3.6 2241 4172 
 
Thickness of sheet-metal blank also affects the force required to form the draw-
bead. However, temperature dependence plays a bigger role over sheet thickness. From 
this point on in the design, calculations will use th value obtained for the thickest sheet 
metal blank at the temperature requirements for QPF: 
PF = 4200 lbf                                                (2.3) 
2.5.2. Pressure Requirements for Bulge Forming 
The next step is to estimate the clamping force. This is the force required to 
maintain the die-rings pressing the formed draw-bead in the sheet-metal blank against 
one another to avoid slipping of the sample and to pr vide seal from gas-leakage. 





F =                                                    (2.4) 
Where: Fc= Clamping force; PS= pressure required to form the sheet-metal blank for QPF 
and SPF conditions; and AF= Projected area of the sheet-blank to be formed by gas-
pressure blow-forming. 
According to the work of Hector et al. [10] in “Material Models for Simulating 
Elevated-Temperature Pneumatic Bulge Forming of AA5083 Sheet”, pressure 
requirements to achieve the strain rate conditions f r QPF and SPF can be as low as 26 
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psi or as high as 130 psi [10]. Table 2.3 shows the clamping force required when 
choosing a projected area for a clearance-hole diameter of 2.5 in.(Figure 2.6). 
 
Table 2.3: Clamping force, FC, as a function  
of the pressured required to achieve the strain rate 





2 PF, lbf 
26 4.91 128 
130 4.91 638 
200 4.91 982 
250 4.91 1227 
300 4.91 1473 
Even at pressures higher than the ones required to achieve the strain rate 
conditions for SPF or QPF, the clamping force is much lower than the force required to 
form the draw-bead (Eqn. 2.3). Buckling analysis will use the force calculated to form the 
draw-bead (Eqn. 2.3) since this compressive force (force to form the draw-bead) certainly 
takes care of the compressive force requirements to maintain the die-rings clamped 
during the gas-pressure blow-forming. 
2.5.3. Buckling Analysis of Columns 
 Once the estimated loads for the forming of the shet-metal blank during testing 
were calculated (forming of the draw-bead and clamping force during bulge-forming), the 
next step was to design a loading-column that would s pport the dies in place inside the 
furnace. As one can see from Figure 2.8, the die-rings and the die-holders will be inside 
the furnace, while the pipes supporting the die-holders will have one end inside the 
furnace and the other end in direct contact with the heat exchanger.  
It was critical to calculate, based on the overall servo-hydraulic testing machine 
dimensions (Figure 2.8), the critical pipe size that would sustain the expected loads at the 
required temperatures, while at the same time fit the furnace’s inner dimensions. It was 
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also critical to keep in mind that the temperature at either end of the loading column 
outside the furnace must be maintained close to room temperature by means of heat-
exchangers. One end of the loading column will be in direct contact to a load-cell, while 
the other end will be in close contact to all the instrumentation for recording dome-height 
during bulge-forming. Both the load-cell and additional instrumentation must be isolated 
from the heat of the furnace. 
 
Figure 2.8: Overall dimensions used for buckling analysis of the loading column. 
 
Buckling analysis was needed at the temperatures required to achieve QPF and 
SPF conditions (450°C (842°F) or 500°C (932°F)). Mechanical properties of two of the 
most common alloys used in high-temperature applications, austenitic stainless steel 316 
and INCONEL® alloy 600, were obtained (Figure 2.9) [11, 12, and 13]. Within the 
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0.2% Yield Strength for INCONEL® ALLOY 600
0.2% Yield Strength for UNS S31600
Modulus of Elasticity E for UNS S31600
Modulus of Elasticity E for Pure Nickel
Operational Temperature Range
(Shaded Area)
Temperature required for SPF conditions
T=500°C = 932°F
 
Figure 2.9: 0.2% yield strength and modulus of elasticity for austenitic stainless steel 316 
and INCONEL® alloy 600 as a function of temperature, from [11, 12, and 13].  
Using the mathematical models from Karditsas et al. [11] for modulus of 
elasticity and yield strength as a function of temprature for austenitic stainless steel 316 
the following values were obtained: 
ESS316@932°F = 23210 ksi                                             (2.6) 
σy SS316@932°F = 17.2 ksi                                         (2.7) 
Interpolating data from A-1© Wire Tech, Inc. [12] for yield strength of INCONEL® 
ALLOY 600 the following value was obtained: 
σy INC600@932°F = 28.5 ksi                                        (2.8) 
Data for the modulus of elasticity of INCONEL® ALLOY 600 as a function of 
temperature was not available. Data from Koster [13] for pure Nickel was used: 
ENickel@932°F = 26245 ksi                                             (2.9) 
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The buckling analysis covered all the different pipe schedules that could meet the 
mechanical constraints of the project. This analysis was intended to select the pipe 
schedule (schedule refers to diameter and wall thickness according to ASTM standards) 
that could meet the loading and mechanical constraits. The analysis for imperfect 
columns that follows the buckling analysis was intend d to provide the minimum 
machining and assembly alignment requirements for the entire assembly. This analysis 
gives validity to the buckling analysis, since imperfections in the machining and 
assembly process are unavoidable in manufacturing. 
To model the loading column that holds the die-rings in place, the Euler buckling 
theory for modeling a straight column that is simply supported at one end was used. 
According to this model, any expected bending is assumed to occur in the same axis of 
the load, the Z-axis [9]. For the case of one end fixed one end free, the critical buckling 












⋅⋅= ππ                                           (2.10) 
Where: E= young’s modulus; I= area moment of inertia of column; L= length of column; 
and Leff = effective length of the column. Replacing Eqn. 2.11 in Eqn. 2.12 [9]: 







⋅⋅= π                                                    (2.12) 
It is important to define the term called effective length of the column (Leff) for the 
analysis of imperfect column. Defining the compressive axial stress, σcr, just before the 
column would buckle [9]: 
A
Pcr
cr =σ                                                    (2.13) 




r =                                                     (2.14) 


















πσ  ; as long as yieldcr σσ < .                     (2.15)  
The failure envelope is defined as the point on the plot in Figure 2.10 when the 
compressive axial stress σcr reaches the yield stress σyield [9]: 





                                                   (2.16) 
According to Vable [9], short column design is based on the yield stress as the 
failure stress, while long column design is based on critical buckling stress. 
The first step in this procedure is to solve Eqns. 2.4, 2.6, 2.7, and 2.8 for the different 
available pipe schedules that could possibly fit the mechanical constraints of the furnace. 
Table 2.4 shows the inner diameter, outer diameter and the basic calculations required to 
solve the required formulas. 
 
Table 2.4: Different pipe sizes for the different schedules for austenitic stainless steel 316 
seamless pipe, according to ASTM B-167. 
Nominal 























(Leff /r) for Case 1: 
L=32in., Leff 
=64in. 
1 10 1.315 0.109 1.097 0.08 0.41 0.43 149.5 
1 40 1.315 0.133 1.049 0.09 0.49 0.42 152.2 
1 80 1.315 0.179 0.957 0.11 0.64 0.41 157.4 
1.5 10 1.9 0.109 1.682 0.25 0.61 0.63 100.9 
1.5 40 1.9 0.145 1.61 0.31 0.80 0.62 102.8 
1.5 80 1.9 0.2 1.5 0.39 1.07 0.61 105.8 
2 10 2.375 0.109 2.157 0.50 0.78 0.80 79.8 
2 40 2.375 0.154 2.067 0.67 1.07 0.79 81.3 
2 80 2.375 0.218 1.939 0.87 1.48 0.77 83.5 
2.5 10 2.875 0.12 2.635 0.99 1.04 0.97 65.6 
2.5 40 2.875 0.203 2.469 1.53 1.70 0.95 67.6 
2.5 80 2.875 0.276 2.323 1.92 2.25 0.92 69.3 
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The vertical test space, defined as variable A from Figure 2.2 is 64 in. according 
to manufacturer. Taking the worst two scenarios: 
-Case 1: Half the longest possible loaded-column =64 in./2 = 32 in. 
LCASE 1=32 in.                                                  (2.17) 
-Case 2: Half the height of the furnace plus twice the height of an available heat 
exchanger =24 in./2 = 12 in. 
LCASE 2=12 in.                                                  (2.18) 
Solving Eqn. 2.12, Eqn. 2.13, and comparing σcr to σy as Eqn. 2.16, the results for case 1 
(Eqn. 2.17) were obtained (Table 2.5): 
  
 
  Table 2.5: Calculated values for buckling analysis for case 1, L=32 in 
Nominal 
Size, in Schedule 
Critical Buckling Load 
(Pcr) for Case 1: 
L=32in, Leff =64in, kip 
Compressive Axial Stress at 
Critical Buckling Load (σcr) for 
Case 1: L=32in, Leff =64in, ksi σcr / σy 
1 10 4.23 10.25 0.60 
1 40 4.88 9.89 0.58 
1 80 5.91 9.25 0.54 
1.5 10 13.80 22.51 1.31 
1.5 40 17.33 21.68 1.26 
1.5 80 21.88 20.48 1.19 
2 10 27.92 35.98 2.09 
2 40 37.23 34.65 2.01 
2 80 48.54 32.86 1.91 
2.5 10 55.21 53.16 3.09 
2.5 40 85.54 50.20 2.92 
2.5 80 107.62 47.75 2.78 
 
Plotting the ratio σcr to σy, σcr/σy, as a function of the slenderness ratio, (Leff /r), one can 
construct the failure envelope for each pipe schedule and determine which pipe schedule 























failure and buckling failure
1.0_in pipe
For both 2.5_in and 2.0_in, 32_in length 
pipe is considered short. Pipe diameters 
in this range will fail at yield before buckle, 
regardless of wall thickness.
For 1.5_in, 32_in length 
pipe is close to the intersection 
point between either failure 
mode.
For 1.0_in, 32_in length pipe is 
consider long. Pipe diameters in 
this range will failure by buckling 
before yield.
 
Figure 2.10: Failure envelope for austenitic stainless steel 316 seamless pipe for the 
different schedules available according to ASTM B-167, for the case 1, L=32 in. 
By using 2.0 in. pipe schedule (regardless of the diff rent schedules), the risk of 
buckling for a pipe length of 32 in. is negligible. A 1.5 in. pipe schedule is not suitable 
for the pipe length requirement since it is too close to both buckling and yielding failure 
regimes.  
Finally, a factor of safety before yield was obtained for the case load of Eqn. 2.3. This 
load was used to calculate the compressive axial stress when forming the draw-bead, σDB. 
The factor of safety was defined as: 
Factor of Safety = σy / σDB                                                    (2.19) 
The calculated values for the factor of safety for the different pipe schedules for case 1 






Table 2.6: Calculated values for factor of safety 
σy / σDB, for case 1, L=32 in 
Nominal 
Size, in Schedule 
Compressive Axial Stress 
when forming the draw-
bead (σDB) for  
PF= 4200_lbf, ksi 
Factor of Safety, 
σy / σDB 
1 10 10.17 1.69 
1 40 8.50 2.02 
1 80 6.57 2.62 
1.5 10 6.85 2.51 
1.5 40 5.25 3.27 
1.5 80 3.93 4.37 
2 10 5.41 3.18 
2 40 3.91 4.40 
2 80 2.84 6.05 
2.5 10 4.04 4.25 
2.5 40 2.46 6.98 
2.5 80 1.86 9.23 
 
2.0 in. pipe schedule has conservative safety factor of 3 as a minimum that can be 
achieved, for schedule 10, up to a safety factor of 6 for schedule 80. Nominal size 2.5 in. 
pipe is just too large to fit the furnace overall dimensions. However, having these 
calculated values provided a useful insight as for the gains which can be accomplished by 
going to the next pipe size. It was not necessary to solve case 2 analysis (Eqn. 2.18), 
since the 2.0 in. pipe schedule at the extreme length of L=32 in. (case 1) would not fail 
under buckling before yielding. 
2.5.4. Load Analysis of Imperfect Columns 
 It was a given from the previous analysis that the applied loads passed through the 
centroid of the cross sections, and that the centroids f all cross sections were on a 
straight axis. However, this is not the case in real life. Manufacturing tolerances can play 
a significant role in defining the offset between the axis of the axial loads and the 
centroids of the cross sections [9].  
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This effect is referred to in the literature as theimpact of eccentricity in loading on 
buckling [9]. In this case, the load is at a distance e from the centroid of the cross section 
(Figure 2.11).  
 
Figure 2.11: (a) Loading components of a eccentrically loaded beam, from [9]; and (b) 
Representation of the loading column being loaded eccentrically. 
Because the axial load P is offset from the centroid of the cross section, the maximum 








+=σ                                          (2.20) 
 
Since the maximum bending will be at the midpoint of he column [9], the equation for 
the maximum normal stress σmax due to the force P applied at an offset distance e from 

































σ                              (2.21) 
(a) 
(b) 
Ideal case + Bending Stress 
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Where: c = ymax = maximum distance from the buckling (bending) axis to a point on the 
cross section. 
Using c = (pipe outer diameter (OD)) / 2 
Applying this analysis to the three different schedul s for 2.0 in. nominal size: 
c = 1.187 in.                                              (2.22) 
and ranging the offset of the loading, e, from 0 in. (perfect column) to 0.300 in, the factor 
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Figure 2.12: Factor of safety σy / σMAX  for loading column analysis when load is offset by 
a distance e. Analysis for 2.0 in. pipe for the different schedules available according to 
ASTM B-167, for case 1, L=32 in. 
The results obtained from the imperfect column analysis show the importance of a 
proper mating between the die-rings. Improper alignme t between die-rings can not only 
be catastrophic for the die-rings themselves, it can also develop permanent plastic 
deformation between components in the loading columns.  
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2.5.5. Gas-Pressure Lines 
 The following factors were used to define the gas pressure system within the 
GPBF apparatus: 
- The safety requirements; 
- Pressure rating; 
- Temperature rating; 
- Tubing surface finish, material, hardness and wall thickness. 
Since it was required to have at least one layer of pr tection in the hot zone 
between the gas-pressure lines and the user, the gas-pressure line was located inside the 
loading column. Having the gas-pressure line inside the loading column pipe, a potential 
rupture of the gas-pressure line within the hot zone could be contained by the structure. 
The minimum forming pressure required was 200 psi. The gas-pressure lines will have to 
sustain 400 psi with a factor of safety of 4 at its minimum.  
 Using the recommended values from Swagelok®, Appendix A, for pressure 
ratings 400 psi or above at 1000°F, fully annealed, high-quality (type 304, 316, etc.) 
(seamless or welded and drawn) stainless steel hydraulic tubing is the best option. A 
factor of 0.75, see Appendix A, will be introduced to compensate the pressure rating for 
temperature. For a wall thickness of 0.035 in., ¼ in. OD pipe has a pressure rating of 
5100 psi. Since the gas-pressure line must be within the loading column, one end must 
exit at the top end of the loading column, requiring a 90 degree bend. Having chosen a 
small pipe diameter allowed this bend to be easily produced. 
Swagelok® tube fitting ends are rated to the working pressure of the tubing.  All 
Swagelok® tube fittings within the heating zone will be made out of fully annealed, high-
quality stainless steel 316. All Swagelok® tube fittings will be for ¼ in. OD pipe. 
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The overall pressure rating at 1000°F will be 5100psi x 0.75 = 3825 psi, giving a 
factor a safety of 9. 
Appendix B shows the exploded view of all gas-pressure line components with 
the required part numbers (P/Ns). 
2.5.6. Thermal Expansion and Thermal Conductivity of Components within the Hot 
Zone 
It is critical to understand and define the effects of heat on the components 
directly exposed to the heat coming from the furnace during the heating cycle and during 
the experiment. Thermal expansion will primarily affect the distance between the die-
rings as components expand in the direction of loading. On the other hand, by the 
principles of thermal conductivity, heat will travel from the heated zone of the loading-
column pipes to the cold zone at each heat-exchanger. By the same principles, heat will 
also travel in the same direction in the measuring-od and the gas-pressure line. 
As the furnace heats each loading-column pipe, theyget closer to the desired 
temperature. By the principle of radiation, heat leving the inside walls of the loading-
column pipes will heat the measuring-rod and the top gas-pressure line attached to the top 
die-ring. As the system reaches steady state, all thermal gradients become constant. 
Components inside the loading-column will reach the required temperature. To verify 
this, a K-type thermocouple will be located inside one of the loading-column pipes. This 
thermocouple will determine the temperature of the air trapped inside one of the loading-







Figure 2.13: Cross section showing components inside loading column. 
 
The design will initially incorporate heat-exchangers attached to the loading-
column pipes only. It is assumed that the radiated h at from the loading-column pipes is 
the main source of heat into the components inside the loading-column pipes. The 
temperature gradient of the components inside the loading-column pipes and the loading-
column pipes will be very similar. To minimize the effects of thermal expansion on dome 
height measurements, the loading column pipes, the measuring-rod, and the top gas-
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pressure line will have very similar lengths and they all will be constructed of the same 
material, annealed stainless steel 316.  
The change in length between the loading-column pipes and the components 
inside them due to thermal expansion in the direction of loading will be nearly identical. 
All the components just mentioned will equally expand in the direction of loading. To 
validate this assumption, a set of experiments will be conducted to test this assumption. If 
the difference in thermal expansion is noticeable, i.e. above 0.005 in., further research 
will be conducted to correct any effect on dome-heig t measurements. 
2.6. COMPLETION OF FINAL MODEL BY COMPUTER AID DESIGN (CAD) 
All the calculated values for the different parameters on previous chapters proved 
to be the absolute limits by which buckling, yielding, or damage at interfaces can occur. 
The final design did not reach the maximum lengths that can fit the servo-hydraulic unit. 
The loading-columns consisted of one piece directly a tached to the die holder, and a 
second piece, the heat-exchangers, directly attached to the structure of the servo-
hydraulic unit. The heat-exchanger is another piece of 2.0 in. pipe, austenitic stainless 
steel 316, wrapped around a copper coil. The copper coil’s diameter is slightly smaller 
than the 2.0 in. nominal pipe size, making the coilspring-loaded against the surface of the 
pipe. The diameter of the pipe used to make the copper coil was 3/8 in. To increase the 
contact surface between the copper coil and the pip, a high K thermal conductive epoxy 
was used to fill the gaps between each wound of the coil and the 2.0 in. pipe. 
The thermal conductive epoxy used was P/N 50-3100 HIGH THERMAL K 
HEAT TRANSFER EPOXY RESIN, in conjunction with CATALYST 190. The 
manufacturer of the epoxy and the resin is Epoxies, Etc...®. See Appendix D for Material 
Safety Data Sheet (MSDS) and Appendix E for mechanical properties and preparation 
instructions. 
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The approach taken for the amount of heat the heat exchangers could take was 
simple. Each heat-exchanger will have an almost infinite source of cold water that will 
run at a fairly fast speed through each coil. Cold water would flow through the coils. The 
gas-pressure blow-forming apparatus will be slowly heated, while temperature of the coil 
will be monitored. If the heat-exchanger experiences trouble maintaining the cooling 
requirements, the flow-rate of the water reservoir would have to be increased by means of 
an external pump.  
The heat-exchangers were a critical portion of the system, but it was only a safe 
mechanism to maintain at all cost components beyond the heat exchangers at room 
temperature. As long as they could perform and maintain their performance, it was 
acceptable to not have data proving their validity. The design model could then be 
completed. 
Figure 2.14 shows the GPBF apparatus mounted to the servo-hydraulic unit with 
the furnace in its permanent position. Figure 2.15 show the four subsystems composing 
the gas-pressure blow-forming apparatus: (A) the loading-column; (B) the clamping 
mechanism; (C) the mechanism for measuring dome height as a function of time; and (D) 
the gas-pressure lines for gas-pressure forming. 
See Appendix B for the full exploded view of components, bill of materials 
(BOM) of all components, and the detailed drawings for the die-rings, the die-holders, 









Figure 2.15: The four subsystems composing the GPBF apparatus: (A) the loading-
column; (B) the clamping mechanism; (C) the mechanism for measuring dome height as 




Chapter 3:  Validation of Design 
3.1. CONSTRUCTION OF GAS-PRESSURE BLOW -FORMING APPARATUS ACCORDING 
TO FINAL MODEL  
3.1.1. Machining Process 
The following steps were taken to complete the components required to be 
machined for the GPBF apparatus: 
 
 
The final design from Chapter 2.6 describes all four s bsystems of the apparatus. Only 
the components required to be machined were taken to the computer aided manufacturing 
(CAM) software. CAM software allows the user to generate the computer numerical 
control (CNC) code required by a CNC mill to machine the parts. Traditionally, 3D 
models are used to generate the drawings used by professional machinists as a reference 
to machine the parts. Using a CNC mill for some of the more intricate parts of the design 
provided two advantages over traditional machining: 
-It allowed the generation of prototype pieces in soft materials, like high-density 
foam. These prototypes were completed in 1/10th the tim  it would have taken to 
machine the actual parts. The prototypes gave valuable insight into the design 
process; 
-Second, the machining of repeated features, such as the threaded interface 
between the components of the loading-column. Machining the threading of pipe-






One critical aspect of the design was maintaining tght tolerances, as explained in 
Chapter 2.5.4. The design required an interface between die-holders, loading columns 
and heat-exchangers to be concentric and square. Over 40 inches of piping had to be 
interfaced. Each pipe’s end had to connect to another component, and each joint had to be 
exact and strong. The total tolerance build-up had to be maintained at the minimum 
possible. Using a CNC-mill for completion of the threaded interfaces at each end of the 
loading column components proved to deliver on all these requirements. 
Figure 3.1 shows the steps taken to complete the bottom die-ring. First, a 3D 
model was completed with all necessary features. This same model was then taken to the 
CAM software, and a virtual CNC-mill generated the machining operations. This same 
program generated the numerical code required for the actual CNC-mill. The prototype of 
each die was made in a soft material. Once the design of each component was finalized, 
the die-rings were machined in the actual material.  Figure 3.2 shows the steps taken to 
complete the top die-ring. 
The following are the software packages, the materil selection, and the 
equipment used for the generation and completion of the different steps of the machining 
process: 
- Pro|ENGINEER® Wildfire, Release Wildfire 3.0 for the generation of the 3D 
models; 
- Mastercam® X, Release X2 for the generation of the virtual machining 
operation and the CNC code used by the CNC mill; 
- INCONEL® alloy 600 for the fabrication of the die-rings, the die-holders, and 
the measuring-rod tip; 
- Austenitic stainless steel 316 for the fabrication of all the pipes that conform 
the loading column, the core pipe of the heat-exchangers, the gas-pressure 
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lines, the bolts that hold the die-rings to the die-holders, and the measuring-
rod; 
- Austenitic stainless steel 304 for the fabrication of components outside the 
heating zone such as the walls of the bottom enclosure, the sliding-rail holder, 
the alignment-pins, bolts outside the heating zone, a d the pulley holders; 




Figure 3.1: Steps taken to complete bottom die-ring: (a) first, 3D model was completed 
with all its features; (b) same model was taken to the CAM software, and a virtual CNC-
mill generated the machining operations; (c) CNC code was generated and a prototype 
was made in a soft material (high-density foam); (d) once the design was proven correct, 







Figure 3.2: Steps taken to complete top die-ring: (a) 3D model; (b) CNC virtual 
machining operation; and (c) machining of part in the actual material. 
 
Thread milling is a very intricate process. The mating of male and female 
threaded components is very dependent of the material properties, the routines used for 
the thread machining operations and the required fit between the threads. Threaded 
prototypes had to be accomplished in the same material used for the final product. Only 
by using the same material was it possible to generate the required tolerances for proper 
mating.  
The end result was a threaded interface between components capable of maintain 
a 0.003 in. tolerance between joint. Traditional pipe threading requires a clearance at the 
end of the thread so both interfaces can thread end-to-end. This prevents the thread of one 
component, the male threaded piece, meeting a location on the female piece without 
sufficient mating thread. One problem of using this approach is that the alignment 
between the threaded components depends solely on the clearance and alignment gained 
between the threads. Controlling tolerance build-up to within required limits by this 
method is not possible. In the final design, the thr aded interface design for the loading 
column was made so that, instead of having clearance t the end of the thread, a lip of a 
slightly larger diameter was left at the end of each thread. Because the threads were 
produced in a CNC-mill, it was possible to accurately produce the exact clearance 
(a) (b) (c) 
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required by the threads, while an alignment feature at the end of the threaded pieces 
controlled tolerance build-up. 
Looking at the cross-section of the interface, one can see that this lip maintains 
alignment between components, regardless of the looseness of the threads. This same lip 
provides an end-to-end mating interface, providing effective alignment and efficient 




Figure 3.3: (a) cross-section of the pipes threaded-ends; (b) cross-section of the threaded 
interface.  
Figure 3.4 shows the components of the top loading-column assembly. The 





Figure 3.4: Top loading-column assembly: (a) virtual machining of threaded interface 
using CAM software. Threaded interface between components of the loading column: (b) 
load-cell thread adapter; (c) top heat-exchanger; (d) top loading-column pipe; (e) top die-
holder. All interfaces (red lines) were machined using the same machining code, reducing 
tolerance build-up to a minimum.  
3.1.2. Assembly of Subsystems 
 Some subsystems within the assembly process were put together separately to 
facilitate final assembly. The top loading-column assembly (Figure 3.5) and the sliding-
rail assembly were assembled and brought as single u its into the assembly process.  


















Figure 3.5: Top loading-column assembly: (a) load-cell thread adapter; (b) heat-
exchanger; (c) loading-column main pipe; (d) die-holder; and (e) top die-ring with air-
sealed fitting and pipe for the pressurizing gas used for bulge forming. 
 
 
Figure 3.6: Top die-holder is threaded to the loading-column main pipe.  
The pipe used for the pressurizing gas is slid through. 
 
 









Figure 3.8: Load-cell thread adapter slides through the round bend of the pressurizing gas 
pipe. It is then threaded to the heat-exchanger. Duing this operation, the pipe for the 
pressurizing gas rotates along with the top-die ring inside the top loading-column pipe.  
 
 
Figure 3.9: A Six-bolt pattern attaches the top die-holder to the top die-ring. The top die-
ring is no longer allowed to spin. 
 
The sliding rail assembly was the second subsystem to be pre-assembled. The 
sliding-rail assembly is part of the system to capture dome-peak displacement (Figure 
3.10). The system to capture dome-peak displacement is composed of: (a) the enclosure; 
(b) the sliding-rail assembly; and (c) the micrometer measuring assembly. Only the 
sliding rail assembly is explained in this section.  
Appendix B3 shows the components of the sliding-rail assembly. First, the 
sliding-rail is mounted to the sliding-rail holder. Once that is completed, the measuring-
rod holder can then be bolted on top of the sliding cart (part of the sliding rail). The 
pulleys are bolted to the pulley-holders. Pulley-holders are then attached to the sliding-
rail holder. The measuring-rod (Figure 3.10(a)) is attached to the system later in the 
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assembly process. The measuring-rod slides in the measuring-rod holder and socket 
screws keep its location once calibration is finalized. 
 
 
Figure 3.10: System to capture dome-peak displacement: (a) the enclosure; (b) the 
sliding-rail assembly; and (c) the micrometer measuring assembly. 
. 
See Appendix C for the datasheets and part numbers (P/Ns) for the micrometer, 
the micrometer’s mount, the computer interface, the sliding rail and the pulleys of the 
sliding-rail assembly. 
Dome peak displacement is captured by the measuring-rod. The micrometer is in 
direct contact with the measuring-rod (Figure 3.10(c)). As the specimen is bulge-formed, 
the measuring-rod is moved downward, displacing the measuring-rod holder by an equal 
amount. The micrometer’s stem rests on a flat piece directly attached to the lower end of 
the measuring-rod holder. As the measuring-rod moves downward, the micrometer 
records its displacement downward. The micrometer provides a continuous digital 





by the micrometer. Finally, the computer stamps a time on every data point. From these 
data, a plot of dome-height as a function of time can be made, from the time the specimen 
is flat, just before forming, to the point of fracture, typically at the peak of the bulge-
formed specimen. At this point, pressurizing gas leks through the crack of the specimen 
and the experiment is stopped.  
Because the sheet is formed downward, gravity makes all the components 
attached to the sliding-rail slide down. A counter-weight balancing system is attached to 
the sliding rail (Figure 3.11) to compensate the forces generated by the weight of the 
components attached to the cart of the sliding-rail. Two pulleys mounted on ball-bearings 
allow brass weights counter-balance the sliding-rail weight. Nylon filaments have one 
end attached the measuring-rod holder and the otherend to the each brass weight.  
 
 
Figure 3.11: Counter-weight balancing system. Counter-weights  
are attached to the measuring-rod holder by nylon stri g . 
Sliding-rail  


















The counter-weight balancing system provides an almost weight-free sliding 
measuring system. However, overall, the system is not designed to be an absolutely 
weight free system, some upward force is necessary to keep the flat at the end of the 
measuring-rod in firm contact with the sheet during forming. The brass weights of the 
counter-weight balancing system were calibrated to provide a small contact force and to 
overcome most sliding friction. However, the drag force of dynamic friction from 
lubricant applied to the sliding rail is larger than the force balanced of the weights. Thus, 
there is no risk of the slide drifting on its own.  
Because the counter-weight balancing system is design d to take care of constant 
forces, no dampeners or springs could be used in the system without disturbing the 
almost weight-free sliding movement. The internal mechanisms of micrometers, 
however, have a spring and a dampener, to make its movement smooth and retractable. 
The introduction of a spring into the overall balance would have severely affected 
performance. A counter force from another spring of the same spring constant would 
have been necessary. To alleviate this problem, the spring inside the micrometer was 
removed. Since the micrometer for this particular application captures the displacement 
of the sliding-rod as it moves downward, an extra weight on the tip of the micrometer’s 
stem was added. This keeps the micrometer’s stem in contact with the measuring-rod 
assembly as it moves during forming of the dome.  
There was concern as to whether the micrometers stem would keep contact with 
the measuring-rod assembly. If there was no proof of constant contact between the 
micrometers stem and the measuring-rod, one could not know if the data captured by the 
micrometers stem at one time is correlated to the displacement of the sliding-rod as the 
specimen is formed. To solve this uncertainty, an electrical continuity test was added 
between the micrometer’s stem and the sliding-rod assembly. If the sliding-rod assembly 
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happens to slide down at a faster rate than the micro eter’s stem can follow it, the 
electrical continuity test will immediately record an open circuit, and any data points 
captured during those intervals would be discarded. Fortunately, the strain rates at which 
experiments would be conducted do not require a fast movement of the sliding rod, but 
instead a very sensitive method for capturing the displacement.  
3.1.3. Final Assembly Process 
Figures 3.12 through 3.16 show the steps taken to assemble the gas-pressure 
blow-forming apparatus: 
1. The system to capture dome-peak displacement is first installed to the 
ram of the servo-hydraulic. The bottom plate of this enclosure is 
attached to the ram by means of a two (2) in bolt, Figure 3.12(a).  
2. Two 1¼ in. tower bars are located in place. These tower-bars are used 
to locate the micrometer measuring assembly system in placed and to 
provide structure to the enclosure, Figure 3.12(b). 
3. The micrometer’s mount is mounted to the left tower-ba , Figure 
3.12(b). 
4. All four walls of the enclosure are held in place but olts are not fully 
tighten until all parts are located, Figure 313(a). 
5. The sliding-rail assembly is integrated to the enclosure, Figure 3.13(b).  
6. The measuring-rod is loaded to the measuring rod-hol er, Figure 
3.14(a). 
7. The bottom heat-exchanger is mounted to the top-face of the enclosure, 
Figure 3.14(b). 
8. The bottom loading-column sub-assembly is completed, Figure 3.15(a). 
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9. The top loading-column subassembly is attached to the load cell of the 
servo-hydraulic unit, Figure 3.15(b). 
10. Finally, water is attached to the water fittings, Figure 3.16. 
 
   
Figure 3.12: (a) bottom plate of enclosure is attached to the ram of the servo-hydraulic 
unit by a two (2) in. bolt; (b) columns in the enclosure are put in place. Holder for the 




   
Figure 3.13: (a) top plate of enclosure is put in place but not bolted to the side plates; (b) 
sliding rail assembly is put in place. All bolts tha  attach the top plate to the side plates 
are gently tight. Alignment of the sliding rail will take place later in the process. 
   
Figure 3.14: (a) measuring-rod is loaded to the measuring-rod holder. Its final position is 
to be calibrated later in the process; (b) heat-exchanger that attaches to the enclosure is 





   
Figure 3.15: (a) bottom loading-column is assembled to the enclosure of the system to 
capture dome-peak displacement; (b) top loading-column assembly is threaded to the 





Figure 3.16: Water fittings are pressed into the end o  the heat-exchangers. Air-sealed 
lines to the pressurizing gas for the forming process are connected. The required valves 
are also put in place.  
3.2. PROCEDURE DEVELOPMENT TO RUN GPBF APPARATUS 
Besides the mechanical advantages of using the servo-hydraulic unit as the 
skeleton for the GPBF apparatus, the pre-built functio s to conduct tensile and 
compressive tests proved to be a critical tool in the procedure setup. In the early stages of 
the project, the only reason the servo-hydraulic unit was chosen was to provide a rigid 
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structure with a ram capable of providing the loading requirements as described in 
Chapter 2.5. However, the programmable functions proved to be as important as the 
loading capacity. Having a load-cell measuring the load exerted against dies and across 
all the members of the loading-column turned out to be extremely important in using the 
apparatus safely. Most important, safety limits could be easily set by programming the 
servo-hydraulic unit to shut off if loading values reach pre-set limit values. 
 Forming of the draw-bead is best conducted at the requi ed temperature for bulge-
forming (Chapter 2.5). The first approach used was to load the specimen in the bottom 
die-ring and heat all the components inside the furnace to the required temperature. Once 
temperature was achieved, the dies were closed at a slow loading rate (~5lbf/s) to the load 
required (2800 lbf according to the calculated values for a specimen 0.040 in. thick of 
aluminum alloy AA5182, Chapter 2.5.1). Allowing the components inside the furnace to 
reach the required temperature before clamping would prevent potential misfit from 
thermal expansions of the components of the loading-column during heating.  
However, after the specimen was fully clamped and the measuring-rod was 
brought in contact with the specimen, a very small, constant, downward displacement of 
the specimen was observed. It was thought at first that the balancing weight setup was 
sliding slightly, or that some unexpected thermal expansion was changing the original 
length of the measuring-rod. However, the same material was used for the pipes of the 
loading-column and the measuring-rod. Moreover, the materials used for the construction 
of the dies and the tip of the measuring-rod where the same. Analysis shifted to whether 
the counter-weight balancing system was responsible for the small but noticeably drift 
seen at the beginning of experiment. To verify this, the measuring-rod was slightly 
lowered, 0.1 in, enough to separate the tip of the measuring-rod from the specimen, but 
still within the heated region so thermal expansion would not change The measuring-rod 
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was then left static, balanced by the counter-weight balancing system. After 10 minutes, 
the value seen by the micrometer did not change. 
The only potential cause left was the specimen itself. The procedure so far 
allowed all the components of the loading-column, the dome-height measuring system, 
and the specimen to heat together to the testing temperature and. The specimen was then 
clamped by the die- rings. Leaving the specimen to sit still on top of the bottom die-ring 
with no force applied in the periphery of the specimen during the heating cycle allowed 
the specimen to sag under its own weight. Furthermore, as the forming of the draw-bead 
occurred, the center of the specimen could sag evenmore. Basically, the testing started 
with a non-flat specimen. And since there was no pressurizing gas, it was very difficult to 
account for this phenomenon during testing. This miniature dome at the beginning of the 
experiment could significantly offset results, since it produced an initial offset in 
displacement that influenced the final results for d me-height as a function of time. 
The clamping procedure was subsequently changed. Instead, during the heating 
cycle, the specimen would be clamped between the dies w th a small load, much smaller 
than the one required to form the draw-bead, but significant enough to keep a load in the 
periphery of the specimen. The problem with this idea was maintaining a constant small 
load during the heating cycle, since components of the loading column were expanding 
and bringing the dies closer to each other, increasing the loading a significantly faster 
rates than wanted. To compensate for this, the servo-hydraulic unit was set to maintain a 
constant force rate of 2 lbf/s. The ram will adjust it  movement up or down to maintain 
this slowly increasing. As components of the loading column begin to expand in the 
direction of loading, the ram will gently open the space between the dies maintaining the 
clamping within the desired range. 
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Because the specimen was now clamped between the die-rings, the measuring-rod 
could be brought to contact with the specimen during the heating cycle, reducing the 
uncertainty of thermal expansion. At this point the micrometer was zeroed, and the 
system was setup to capture any displacement. The results were outstanding. From the 
start of the heating cycle to the point where all components had reached steady-state 
temperature, the micrometer captured 0.0002 in. of displacement. From this experiment, 
it is clear that thermal expansion of the measuring od is compensated by equal thermal 
expansion of the loading-column pipe. The experiment was starting out with a very flat 
specimen, and any dome height resulting from gas-pre sure blow-forming could be 
captured and recorded with its unique timeframe stamped to it. 
3.3. TESTING OF SPECIMENS UNDER QPF CONDITIONS  
The first set of specimens tested came from a 1.5 mm (0.040 in) sheet of 
aluminum alloy AA5182. Figure 3.17(a) show the specim n just after the forming of the 
draw-bead. Figure 3.17(b) shows the first specimen formed under balanced biaxial bulge 
forming by the GPBF apparatus.  
 
Figure 3.17: (a) specimen prior to gas-pressured blow-forming; (b) specimen formed at 




Figure 3.18 shows 3 different specimens tested at a constant pressure of 40, 60, 
and 80 psi, each. All specimens were formed until rupture. Rupture of all three 





Figure 3.18: Different forming pressures result in different dome shapes and dome 
heights: (a) Specimen formed at 450°C and a constant g s pressure of 40 psi; (b) 
Specimen formed at 450°C and a constant gas pressure of 60 psi; (c) Specimen formed at 
450°C and a constant gas pressure of 80 psi. 
3.4. VALIDATING DATA CAPTURED FROM TESTED SPECIMENS 
Figure 3.19 shows the data captured during the forming of the specimens shown 
in Chapter 3.3. Figure 3.20 shows the work of Hector e  al. [11] on “Simulating Elevated-
Temperature Pneumatic Bulge Forming of AA5083,” show the evolution of dome height 
normalized by die opening radius (h/R) from PAM-STAMP |2G™ and ABAQUS™ 
compared with experimental data collected at the conditions indicated. 
To my knowledge, this is the first example of capturing data for real-time, in-situ 
displacement as a function of time. These data proceed from the initiation of dome 
forming to the point of rupture at the peak of the dome. The data captured follows the 
(a) (b) (c) 
(a) (b) (c) 
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same pattern seen by previous experiments on aluminum alloy 5083 for similar 
temperatures and pressures, but obtained from multiple interrupted tests.  
The equipment developed for this experiment has proven to consistently and 
continuously form a specimen by gas pressure forming while capturing in-situ real-time 
dome-peak displacement until specimen ruptures at the peak of the dome, the point of 
balanced biaxial stress. These are the first data for dome-height to be obtained in-situ for 












































Figure 3.19: Data captured during the balanced biaxial bulge testing of 2 specimens at 











Figure 3.20: Simulating Elevated-Temperature Pneumatic Bulge Forming of AA5083, 
from [10]: Evolution of dome height normalized by die opening radius (h/R) from PAM-
STAMP |2G™ and ABAQUS™ compared with experimental dta collected at: (a) 





Chapter 4:  Operational Instructions 
The purpose of this chapter is to introduce the logical order of steps to achieve 
proper testing procedures. If steps are followed prope ly: 
- Consistent results should be achieved; 
- Risk of damage to the equipment should be reduced to a minimum.  
This chapter will explain the reasoning behind the steps taken prior to the forming of the 
dome by gas-pressure blow-forming.  
4.1. PRODUCTION OF SPECIMENS FOR TESTING 
 Chapter 2.5 described the force analysis for the forming of aluminum alloy 
AA5182 1.53 mm (0.060 in.) thick. If one is to test a hicker aluminum alloy or any other 
alloy of significantly different UTS properties, one must follow the procedure from 
Chapter 2.5 and solve for the different parameters n eded to obtain a factor of safety.  
 Appendix B9 is the required drawing that any machine shop will require to 
reproduce the specimens.  
4.2. BLEEDING THE AIR-L INES AND ADJUST REGULATED PRESSURE 
See Chapter 4.6.1. 
4.3. COOLING OF HEAT -EXCHANGERS 
 Heat-exchangers are required to be operational, before, during, and after the 
completion of the bulge testing at high temperatures. Figure 4.1 labels the valves (Figure 
4.1(a)) and their open and closed positions (Figures 4.1(b) and (c)). Before the test starts 
complete the following: 
  -Open the return valve to the chilled water return; 




Figure 4.1: (a) chilled-water and return-line valves; (b) valves in the open-position; and 
(c) valves in the closed-position. 
After the test is completed allow the system to cool down completely. DO NOT 
close the flow of cold water immediately after the experiment as been completed. Heat 
will travel through the loading-columns causing permanent damage to the electronic 
components, such as the load-cell of the servo-hydraulic unit and the micrometer.  
After the system has reached room temperature complete the following: 
  -Close the valve from the chilled water supply; 
  -And, close the return to the chilled water return line;  
4.4. OPENING AND CLOSING OF CLAMPING MECHANISM  
The first step in the clamping process is to manually lower the ram of the servo-
hydraulic unit down, preferably to create a gap of approximately 3 in. of clearance 
between the dies. It is important to keep in mind that the ram is the lower-end of the 
setup. Bringing the ram up or down (Figure 4.2) brings the bottom loading-column and 














loading-column main pipe and the measuring-rod were built from materials with similar 
mechanical properties and coefficients of expansion, expansion is expected to be nearly 
the same for both. Expansion in the direction of loading is nearly the same. Therefore, the 
relative location of the specimen to the dies and the measuring-rod should not change 
with the temperature changes. 
 
 
Figure 4.2: Basic features of the GPBF apparatus. 






















The upper-end of the setup is attached to the load-cell. The amount of 
displacement of the upper-end is minimal. Damage to the load cell is possible if not 
paying close attention to die clearance. 
Once the bottom die-ring has been lowered, it is a good time to spray anti-seize 
compound around the dies (both top and bottom, Figure 4.3) and on top of the measuring-
rod tip (SAF-T-EZE® Nickel anti-seize aerosol, P/N SA-12N, is suggested). See Appendix 
D for MSDS. Only spray a thin layer of anti-seize, so it does not affect the testing results. 
Anti-seize particles are usually held together by viscous fluids that will evaporate at the 
temperatures at which the test occurs. After testing, it is a good practice to vacuum all the 




Figure 4.3: (a) bottom die-ring and tip of measuring-rod after been spayed with anti-seize 








Figure 4.4: Specimen loaded into the bottom die-ring. 
 
Once the specimen is inside the bottom die-ring, move the ram up at a fairly low 
cross-head speed (1 in/min) until the distance betwe n the flat faces of the die-rings are 
separated by 0.25 in. or slightly more (Figure 4.5). This is a good point to zero the z-axis 
of the computer interface that controls the ram of the servo-hydraulic unit.  At this same 
cross-head speed (1 in/min), lower the ram down 3 i. and bring the ram up again to the 
zero reference point just obtained. This step allows manual rotation of the hydraulic 
piston to adjust alignment between the two mating dies. This is a good time to look at the 
alignment of the pins in the mating dies (Figure 4.6). There are two vertical marks that 
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show the alignment of the dies. Verify with a straight edge that the alignment marks align 
within 1/64 in. Rotate the hydraulic piston manually to assure alignment. 
 
 
Figure 4.5: Clamping mechanism at the almost closed position. 
 
 
Figure 4.6: Alignment marks on the surface of the mating dies. 
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 All the previous steps were performed with the furnace open and turned-off. It is 
important to confirm all alignments when the furnace is open and the die-rings are 
visible. Once the furnace is closed and operational, there is no easy way to check 
misalignment problems, and it is not until the setup is completed whether one can tell if 
something is wrong. 
 The final step in the setup routine for the clamping mechanism is to setup the 
closing during the heating cycle. See chapter 3.2 for details on the reasons why it is 
important to pay close attention of how the specimen is clamped between the die-rings 
during the heating cycle. It is a good idea to practice the loading routine with a blank of a 
soft material and the furnace open. The routine should bring the die bottom die-ring 
(where the specimen rests) up until the draw-bead of the top die-ring touches the blank; it 
will then close at a constant force rate until the required load is achieved; and it will then 
stop and maintain a constant load throughout the bulge forming test. 
At this point the servo-hydraulic unit will start increasing the load at a rate of 2 
lbf/s. Keep in mind that there is a big difference b tween running the loading routine 
when the system is at room temperature vs. running the system during the heating cycle. 
The expansion rate of the elements of the loading-column inside the furnace is faster than 
the load rate provided by the ram of the servo-hydraulic unit. Most likely it is the case 
that instead of the ram trying to close the gap betwe n the dies to increase the load, it will 
lower the bottom die trying to adjust to the load rte of the routine as the fixture expands 
under heating. It could very well happen that the servo-hydraulic unit completely looses 
the target goal of maintaining a load rate of 2lbf/s and simply goes at the expansion rate 
of the loading-column.  If this happens the operator must manually lower the ram to 
reduce the loading and prevent overloading.  
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 Two advantages of progressively loading the dies to form the draw-bead are: 
-The specimen will not sag, maintaining a very flat specimen to begin 
with; 
  -The tip of the measuring-rod can be in direct contact with the blank 
throughout the heating cycle, eliminating any question  about unexpected heating 
expansions. 
4.5. DATA ACQUISITION  
The data acquisition process is directly related to the smoothness of the 
micrometer’s stem and the sliding-rail where the measuring-rod is mounted. It is 
important to properly lubricate both before each experiment. The calibration of the 
balancing weight requires that the ways of the sliding-rail be properly lubricated. It is 
appropriate to put a few drops of the ways-lube with a syringe on the ways of the sliding-
rails and manually slide the sliding rail up and down 3 to 5 times (Figure 4.7). Way lube 
oil #68 (RAMCO® P/N 1011) was used to calibrate the sliding-rail. This is the way lube 




Figure 4.7: Sliding-rail and components. 
As far as lubricating the micrometers stem, the best lubrication found after trying 
many different lubricants was to just thoroughly clean it with a fine paper cloth after 
applying a very light oil like WD-40. See Appendix D for MSDS. Oil alone creates a 
viscous effect on motion. The cleaner the stem walls the better is micrometer operation. It 
is good practice to lower the measuring-rod all the way to the bottom of the setup while 
keeping the micrometer up (Figure 4.8). With the measuring-rod at its lowest position, 
bring the micrometer’s stem up and down a few times. If one lets the micrometer stem 
drop down by itself, it should slide down at a consta t pace and rather fast. If the 
movement of the stem is choppy, the stem may requir more cleaning. Bring the stem up 
and down a couple of times and try again. The total travel of the micrometer’s stem is a 
little over 1.00 in. so, as one drops the micrometer’s stem, it should travel 1.00 in. 
Sliding-rail  
Sliding-rail  ways 


















                  
 
                  
Figure 4.8: (a) measuring-rod rises until it touches the specimen. Micrometer is 
compressed to ~99% of its full displacement; (b) measuring-rod is lowered to ~99.5% the 
capacity of the micrometer; (c) measuring-rod is completely lowered. Reading of the 
micrometer is incorrect, since it is no longer touching the measuring-rod holder; and (d) 
micrometer’s stem is completely down and ready to be cleaned. 
After completing the lubrication process, the measuring-rod holder is to be raised 




(Figure 4.8(a). This is the zero of the sample. If all previous procedures were followed 
properly, no displacement larger than 0.001 in. should be seen during the heating cycle. 
At this point the setup should have heated to the requi ed temperature; the specimen 
should be fully clamped between the dies, and the measuring-rod tip contacting the 
specimen while the micrometer is reading 0.001 in. its worst case. At this point the 
computer interface is to be prepared for data acquisition. The computer interface captures 
recorded data from the micrometer. The computer’s main job is to provide a time stamp 
to every data point captured from the micrometer by the computer interface. The time 
stamp is the basis for generating the plots of dome-peak height as a function of time. 
The micrometer captures data from the stem displacement at around 4 to 5 
readings per second. This step is limited by the speed of the micrometer. The computer 
should not be setup to capture more than 5 readings per econd. If done incorrectly, the 
computer will re-read previous data-points and put a ime stamp that is incorrect, 
resulting in false data. Tests can be as short as 10 minutes or as long as 3 hours, so it is a 
good idea to have the system to capture a very large mount of data-points and have the 
system manually stop once the test has been completed. It is appropriate to start capturing 
data at 1 or 2 seconds per datum prior to the opening of the gas valve for the actual bulge-
forming. 
4.6. FORMING OF THE SPECIMEN BY PRESSURIZED GAS 
4.6.1. Bleeding the Air-lines and Adjust Regulated Pressure 
Although this is the last step prior to the forming operation, there is one critical 
step that has to be done prior to any other step, bl eding the air lines while adjusting the 
pressure-regulator to the required pressure. The pressu ized gas consists of a bottle of 
inert-gas (in this case Nitrogen) that has a regulator t its end (Figure 4.9(a)-(d)). The 
pressure-regulator connects to a 1-way valve (Figure 4.9(e)). The 1-way valve connects 
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to the 2-way valve (Figure 4.10). This 2-way valve has 3 positions: The position to the 
left, which connects the gas from the reservoir to the line going into the die-ring; the 
center position, which blocks flow from the top die-ring to any other air-line; and the 
position to the right, which bleeds any previous built-up pressure in the lines of the top-
die-ring to the room (Figure 4.10). 
 
 
Figure 4.9: (a)Valve that controls the gas inside the bottle; (b) Pressure inside the bottle; 
(c) Pressure-regulator; (d) Pressure after the pressu -regulator; and (e) 1-way valve. 
The first step in bleeding the lines is to set the 2-way valve to the left and the 1-
way valve to the open position and then adjust the pressure-regulator to the pressure at 
which the experiment is required to run. After 1 or 2 seconds, close the 1-way valve and 
turn the 2-way valve to the right. By doing this, the pressure is set to the required value at 
which the experiment is going to run while the gas line from the 2-way valve to the die-












       Figure 4.10: 2-way valve. 
 
DO NOT follow any further instructions. Go back to Chapter 4.3. 
4.6.2. Clamping of Specimen between Mating Dies 
Follow the procedure developed in Chapter 3.2. 
4.6.3. Forming of the Specimen 
The final step in the process: All procedures have be n followed from 4.2 to 4.6.2. 
It is time to form the specimen. The computer has already started capturing some data-
points. At this point, turn the 2-way valve to the center point. Then, turn the 1-way valve 
open. Finally, turn the 2-way valve to the left as f t as one can. Pressurized gas at the 




bleeds any gas 
























Chapter 5:  Conclusions and Future Work 
5.1. CONCLUSIONS 
The GPBF apparatus has proven to form a sheet of aluminum alloy AA5182 with 
a thickness of 1.5 mm into a dome with a height nearly equal to its radius under a 
constant gas pressure 40 psi at 450°C. The GPBF appar tus produced, for the first time to 
my knowledge, real-time dome peak displacement dataas  function of time. Previous 
investigators have correlated dome peak displacement as a function of time at different 
stages during the forming of a dome, but no published data available has shown a 
continuous set of data points for an uninterrupted dome formed from a flat specimen until 
its rupture while the dome peak displacement has been captured. 
The GPBF apparatus has proven to deliver the results expected. It is capable of 
handling the temperature and pressure requirements for QPF. The data captured from the 
testing of 2 specimens has proven to follow closely the pattern seen by the work of 
Hector et al. for the QPF of AA5083 at 40 and 80 psi at 450°C [10].  
5.2. FUTURE WORK  
The current system is capable of handling bulge forming pressures up to 100 psi, 
regulated. The pressure is regulated once at the beginning of each test and left set 
throughout the experiment. Adding a programmable prssure regulator with a wider 
pressure span could provide the following: 
- Control the strain rate by changing the bulge forming pressures while the 
forming of the specimen is taking place; 
- Perform bulge forming at higher pressures, allowing the testing of 
experiments at lower temperatures. 
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The micrometer chosen for the setup fulfills the requirements for the forming of 
alloys at temperature and pressure conditions where the h/r ratio is up to ~1. If 
temperature, pressure and alloy conditions allow the h/r to be significantly larger than 1 
(~1.2 to ~1.5) the micrometer will not be able to capture all the displacement data. The 
micrometer will be out of travel. A 2 in. travel micrometer will provide the sufficient 
travel for the testing conditions where the specimen h/r ratio surpasses ~1.2.  
Future designs can incorporate more advanced system for the capturing of surface 
displacement of the side of the sheet exposed to air. Computer-vision applications can be 
integrated to deliver stereo-vision profiles of the specimen as a function of time, 
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Appendix A1: Stainless Steel Tubing 










Appendix A2: Stainless Steel Fittings 
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       OR BETTER
 
UNLESS OTHERWISE SPECIFIED
DIMENSIONS ARE IN INCHES
ALL DIMENSIONS IN [ ] ARE MM
ALL DIMENSIONS IN ( ) ARE FOR
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( )9.0 229[ ]
( )8.8 222[ ]
( )18.8 479[ ]
( )18.8 478[ ]
( )48.2 1223[ ]
( )5.5 138[ ]
( )12.4 315[ ]
( )2.1 53[ ]
( )12.4 315[ ]
( )5.4 136[ ]
( )8.0 203[ ]
( )13.5 342[ ]
( )1.2 31[ ]
( )19.1 485[ ]
( )40.5 1028[ ]
( )10.0 254[ ]
( )6.0 152[ ]
( )7.5 189[ ]
( )2.5 62[ ]
( )4.7 120[ ]
( )2.4 60[ ]
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Item No. Description Manufacturer P/N Material QTY
1 Load-Cell Thread Adapter N/A SS304 1
2 Top Heat-Exchanger N/A SS304 1
3 Loading-Column Pipe N/A SS316 2
4 Die-Holder N/A INC600 1
5 Top Die-Ring N/A INC600 1
6 Bottom Die-Ring N/A INC600 1
7 Die-Holder N/A INC600 1
8 Bottom Heat-Exchanger N/A SS304 1
9 BOTTOM SUBASSEMBLY N/A N/A 1
10 NPT Pipe x Quick-Disconnect McMaster 5316K13 BRASS 4
11 Cap Screw M8 Thread, 25mm Length, 1.25mm Pitch McMaster 92290A432 SS316 12
12 Flat Washer M8, 8.4mm ID, 16mm OD, 1.40-1.8mm Thk McMaster 90965A190 SS316 12
13 Alignment Pins N/A SS304 6
14 Top Loading-Column Pipe. 1/4 in. OD 0.035 in. wall McMaster 89785K125
 
SS316 1
15 Male Connector 1/4 in. OD, 1/4 NPT Swagelok 1/4-400-1-4 SS316 1
16 Union 90 Degree Elbow Swagelok 1/4-400-9 SS316 2
17 316 stainless steel 1/4 in. OD 0.035 in. wall McMaster 89785K51 SS316 1
18 Ball Valve with Yor-Lok, 3-Way, 1/4" Tube OD McMaster 4566K98 BRASS 1
19 316 stainless steel 1/4 in. OD 0.035 in. wall McMaster 89785K225 SS316 1
20 316 stainless steel 1/4 in. OD 0.035 in. wall McMaster 89785K225 SS316 1
21 316 stainless steel 1/4 in. OD 0.035 in. wall McMaster 89785K225 SS316 1
APPENDIX B2: BILL OF MATERIALS (BOM)
FOR MAIN ASSEMBLY
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Item No. Description Manufacturer P/N Material QTY
22 Measuring-Rod Tip N/A INC600 1
23 Measuring-Rod N/A SS316 1
24 Metric Cap Screw M4, 14mm Length, 0.7mm Pitch McMaster 91292A038 18-8 SS 20
25 Metric DIN 125 Flat Washer M4 Screw, 9mm OD McMaster 93475A230 18-8 SS 20
26 Top Plate, Bottom Subassembly N/A SS304 1
27 Metric Shldr Scrw, 8mm Shoulder Dia, M6 Thread McMaster 90278A342 18-8 SS 3
28 Metric DIN 125 Flat Washer M8 Screw, 16mm OD McMaster 93475A270 18-8 SS 3
29 Side Plate, Bottom Subassembly N/A SS304 2
30 Lock-nut for Bottom Heat-Exchanger N/A SS316 1
31 Bottom Plate, Bottom Subassembly  N/A SS304 1
32 Sliding Rail Holder  N/A SS316 1
33 Metric Cap Screw M6, 25mm Length, 1mm Pitch McMaster 91292A138 18-8 SS 4
34 Pulley Holder N/A SS304 2
35 Nylon Pulley Bearing Mounted Sava UP2081
 
Nylon 2
36 Metric Cap Screw M3, 10mm Length, 0.5mm Pitch McMaster 91292A113 18-8 SS 2
37 Metric DIN 125 Flat Washer M3 Screw, 7mm OD McMaster 93475A210 18-8 SS 4
38 Vented Cap Screw 8-32 Thread, 3/8" Length McMaster 93235A192 18-8 SS 4
39 Brass Counter Weights, m= 154g.  N/A BRASS 2
40 Measuring Rod Holder  N/A SS304 1
41 Sliding Rail Nippon Bearing SEBS15AYUU1-178 N/A 1
42 Metric Flat Head Screw M3, 14mm Length, .5mm McMaster 92125A133 18-8 SS 4
43 2.0 in. Bolt N/A SS 304 1
44 Micrometer Mitutoyo 543-453B N/A 1
45 Column N/A SS304 2
46 Micrometer Mount CDI CDI6066-41 Delrin 1
47 Measuring Rod Low End  N/A SS304 1
APPENDIX B3: BILL OF MATERIALS (BOM)
FOR BOTTOM SUBASSEMBLY
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APPENDIX B4: CROSS SECTION OF
GPBF APPARATUS
CROSS SECTION OF GPBF APPARATUSN/A
N/A
SEE DETAIL  A
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INCONEL  ALLOY 600
DIE-HOLDER
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INCONEL  ALLOY 600
TOP DIE-RING
REMOVE ALL BURRS AND
SHARP EDGES.
1:2
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INCONEL  ALLOY 600
BOTTOM DIE-RING
REMOVE ALL BURRS AND
SHARP EDGES.
1:2
















        .XXX .005
HOLE   .XX .005
        .XXX .003
ANGLES    0 30'
BENDS     2
PERPEND. .003/IN










       OR BETTER
 
UNLESS OTHERWISE SPECIFIED
DIMENSIONS ARE IN INCHES
ALL DIMENSIONS IN [ ] ARE MM
ALL DIMENSIONS IN ( ) ARE FOR
REFERENCE ONLY







SCALE: SHEET: 1 OF 1
0
DWG NO.































2.0 IN. PIPE SCHEDULE 80
AUSTENITIC STAINLESS STEEL 316
LOADING-COLUMN PIPE
REMOVE ALL BURRS AND
SHARP EDGES.
1:3
APPENDIX B8: LOADING-COLUMN PIPE
M M
M M MIRROR FEATURES AROUND
M-M PLANE.
THEN, THREAD-MILLING 
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Appendix C1: Micrometer 
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Appendix C2: Micrometer Mount 

















Appendix C3: Computer Hardware Interface 
The following pages were taken from the Mitutoyo® catalog (www.mitutoyo.com) 
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Appendix C4: Computer Software Interface 

















Appendix C5: Sliding Rail 






























Appendix C6: Pulleys 














Appendix D  
Material Safety Data Sheets (MSDS) 
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Appendix D1: MSDS for Nickel Aerosol P/N SA-12N 
The following pages were taken from the SAF-T-LOK INTERNATIONAL 






Appendix D2: MSDS for way lube oil #68, RAMCO® P/N 1011 







Appendix D3: MSDS for HIGH THERMAL K HEAT TRANSFER 
EPOXY RESIN, P/N 50-3100 














Appendix D4: MSDS for CATALYST 190 















Appendix D5: MSDS for WD40 
























    
   
  




Appendix E1: Mechanical Properties and Preparation Instructions for 
Thermal Epoxy P/N 50-3100 
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